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Residual stress measurement by successive extension of a slot:
The crack compliance method

Michael B. Prime

Engineering Sciences and Applications Division, MS P946
Los Alamos National Laboratory, Los Alamos, NM, 87545 prime@lanl.gov

This article reviews the technical literature on the determination of a residual stress profile by
successive extension of a slot and measurement of the resulting strains or displacements. This
technique is known variously in the literature as the crack compliance method, the successive
cracking method, the slotting method, and a “fracture mechanics based approach.” The article
briefly summarizes the chronological development of this method and then, to facilitate more
detailed review, defines the components that make up the method. The theory section of the
article first considers forward method solutions including fracture mechanics, finite element,
analytical, and body force methods. Then it examines inverse solutions, including incremental
inverses and series expansions. Next, the article reviews all experimental applications of the
crack compliance method. Aspects reviewed include the specimen geometry and material, the
details of making the slot, the deformation measurement, and the theoretical solutions used to
solve for stress. Finally, the article makes a brief qualitative comparison between crack
compliance and other residual stress measurement methods. In many situations, the crack
compliance method offers several advantages over other methods: improved resolution of
residual stress variation with depth; the ability to measure both small and very large parts;
measurement of stress intensity factor caused by residual stress; measurement of crack closure
stresses; increased sensitivity over other material removal methods; and the ability to measure
non-crystalline materials. This review article contains 77 references.

1 INTRODUCTION residual-stress related failures, and (2) to aid in developing

Residual stresses play a critical role in failures due %redlctlve capa.bllmes bY vepfymg models.' .
A semantic note is in order at this point. Some

fatigue, creep, wear, stress corrosion cracking, fracture . ‘, L
. o . résearchers object to the phrase “measuring” residual stress,
buckling, and more. Additionally, residual stresses often .. . )
; . . - : . noting correctly that one measures strain or displacement

cause dimensional instability, such as distortion after hea . o . . .
and then “determines” residual stress. In this article,

treating or after machining a part. Residual stresses gre . - . )
; . easure” and “determine” are used interchangeably. The
those present in a part that is free of external loads, an . . A
reader is assumed capable of making the distinction if

they are generated by virtually all manufacturing processensécessary_

They add to appl'ied Ioad§ qnd are particularly insidious This literature review is limited to a specific subset of
because they satisfy equilibrium and, therefore, offer e residual stress literature [1-52]. The techniques

external evidence of their existence. : . S .
. Lo . reviewed here measure residual stress variation with depth
Because of the major contribution of residual stresses

. . . incrementally introducing a slot or cut into a part
to failures and their almost universal presence, knowled . . L
) . . . ; gntaining residual stress. Depth here refers to the direction
of residual stresses is crucial for any engineering structufr

) ! . OF slot extension. Some measure of deformation, such as
where liberal safety factors are impractical. Ideally ong, . . ; :

. . . Strain or displacement, is taken at each increment of depth.
would like to accurately predict or model residual stress

. . . . Esrom these measurements, the residual stress profile that
resulting from the various manufacturing operations. A .. . ) :
riginally existed in the part is calculated.

great deal of research effort is focused on this task’
Usually, only the normal stress component normal to

However, the problem is very complex. Development %e slot face is determined. A discussion of the effect of

residual stress generally involves nonlinear materlal1 i
. . . Shear stresses on these measurements is postponed to
behavior and often involves material removal, phas . .
Fctlon 2.4, after a set of coordinates and some

transformations, and coupled mechanical and therm . .
erminology have been defined.

p“’b!er.”s- For t.h.ej majorlty Of. problems,' the curren Other techniques that use a slot but fall outside the
predictive capabilities are insufficient to give adequate . S .
. > scope of this review include the cutting of two deep slots on

knowledge of residual stresses. So, the ability to measur : . :
. o i .~ either side of a strain gauge to measure uniform stress near
residual stress is critical for two purposes: (1) to minimizé



the surface [68,74], the determination of axia2 BACKGROUND & TERMINOLOGY
(longitudinal) residual stress in a solid rod from a single

measurement of opening of a longitudinal slit [53,63,65 : . . .
. . T uccessive extension of a slot are known in the technical
the measurement of residual hoop stress in plastic pipes . .
lii€rature by several names: crack compliance method,

assuming a linear variation and then slitting through. a rirWacture mechanics approach, successive cracking method
Eﬁrﬂbe?)n g t:]eea?jii:gﬁ:n;néavc\)’fcgtrzvgi:tr([asj]e s in IOgr':btting method, rectilinear groove method, etc. In this
y P 9 ) aper, the term originally coined by Cheng and Finnie [2],

One might prefer to measure residual stre e crack compliance method or compliance for short, is
nondestructively. However, there are crucial gaps in the P P !

capabilities of nondestructive techniques (Lu et al. mZ]ﬁi?ﬁﬁaris (?fnthlirslc'lt:ilr:/r?i Leemt]c; tﬁgec;rin};nﬁmrﬁegl%rg fg;e
The two primary nondestructive techniques are x-ra y q P

diffraction (XRD) and neutron diffraction (ND). XRD can 'ﬁg? S;lﬂgvsrﬁgzdlewng;ham I?e(;att:)g:\ecrc;rclir::jcgrgcisrg(;lrgir;
nondestructively measure residual stress in crystallir{ ’ PP P ’

materials to a maximum depth of about 0.05 mn]ﬁe resulting strain was used to determine the crack length.

. . n_the residual-stress crack compliance method, the crack
M rin r r h requires | . . :
easuring to a greater depth requires layer removal, sy (;blgth is known and the measured strain is used to calculate

as by etching, and makes the measurements destruct%e. idual st
ND can measure residual stress to depths of manye residual stress.

centimeters but is generally constrained to measurin S .

volume no smaller than a cube 1 to 2 mm on a side. 'Ig]hzzz1 Historical Overview

constraint makes it difficult or impossible to resolve  Although it does not meet the criteria of this review,
residual stress variations over distances of less than ab&ghwaighofer's [74] early work (1964) deserves mention as
1 mm. Furthermore, ND cannot measure stresses mu@§ first use a slot to measure residual stress. He machined
deeper than about 50 mm for engineering materia/¥V0 slots in a part and determined the surface residual
Therefore, considering ND and XRD, nondestructivétréss using strain measurements taken between the slots.
measurement is not feasible over the large range frdi¢ recognized that the subsurface stress variation would
0.05 mm to 1 mm and for depths greater than about 50 m#ifect the measurement but did not postulate the possibility
Unfortunately, residual stresses that vary over this range &ising successive slot extensions to measure the variation.
produced by many of the most common manufacturinﬁhe measurement of strain at incremental depths to
processes: heat treating, machining, forging, cladding, af¥asure a residual stress profile was introduced for hole
casting, for example. At the same time, the primar§rilling measurements by Soete and VanCrombrugge [75]
contribution of residual stress to mechanical failures, su@fd Kelsey [60], although their implementations were

as from fatigue and fracture, can occur over the 0.05 mm/fgoretically incorrect.

Techniques for measurement of residual stress using

1 mm range. What is here termed the crack compliance method
Additionally, there are other limitations to the XRpDWas originally introduced by Vaidyanathan and Finnie in
and ND methods: 1971 [52]. They measured residual stress in a butt-welded

(1) Sensitivity to grain size and texturing effectsPlate by introducing a holg in the'plate and then extending
Crystalline structural anisotropy may render th& Slot from the hole using a jeweler's saw. At each
measured residual strains to be ambiguously related igrement of slot length, they measured the stress intensity

the actual macroscopic residual stress. factor, K, using a cumbersome photoelastic technique.
(2) Complete inability to measure non-crystallineThen_ they mverted a solution fét, to get a closed form
materials. solution for residual stress from the variation Kgf The

(3) Difficulty measuring stresses on curved surfaces fépethod appeared to successfully measure the residual
XRD. The path length of the scattered beam iglress, although there was little with which to compare the

increased, which cannot be distinguished from straiﬁ?SU“S-_ o _

leading to errors. This method saw minimal use in the following years.

(4) A typical stress depth profile obtained using XRDINe ~ experimental  difficulty in  performing the

or ND methods may take days to a week. The sanpBotoelasticity measurements likely discouraged others

stress profile using crack compliance could bé“?”? applying Vaidyanathan and Finnie's idea. The

accomplished in one day. original work also relied on a closed form solution Kr
These limitations illustrate the need for residual stredgr & crack subjected to arbitrary loading on the crack faces.
measurement techniques that fill in the missing capabiliti€diCh solutions were not available for many practical
of current methods. conflgurauons.'

A good source for information on the many other By the mid 1980s, technological advances stimulated
residual stress measurement methods is Lu et al. [6PEW resee}rch gsing the crack cpmpliance method. This new
although its coverage of the work reviewed here is Ve,rysearch is evidenced by publications from researchers in

poor. Cheng and Finnie [17] summarized their own worReveral countries: Cheng and Finnie (1985 [2]) from the
on the crack compliance method. United States, Ritchie and Leggatt (1987 [44]) from the

Netherlands and the United Kingdom, Fett (1987 [19]) from
Germany, Reid (1988 [42]) from the United Kingdom, and



Kang, Song, and Earmme (1989 [29]) from South Korea. There are many distinctions among the applications of
Computational advances had made it both possible atiet crack compliance method found in the literature.
relatively simple to solve the solid mechanics problendaterials tested include metals, polymers, and composites.
necessary for application of the compliance method f@eometrical configurations which have been tested include
arbitrary geometries. These computational techniques alsarface and through thickness measurements, axisymmetric
allowed the residual stresses to be calculated frogstresses in cylindrical bodies, pre-cracked specimens,
measured strains or displacements, instead of Kprthis  central holes, and more.
approach allowed the much more convenient and
universally available strain gauges to replace photoelas#ic3 Terminology and Definitions
measurements. Since these early publications, the technique Figure 1 defines a coordinate system for rectangular
has seen many advances and new applications. coordinates and some common terms. In the crack
Special note should be made of the driving forcgompliance method, slot or cut s introduced into the part.
behind the development of the crack compliance methog, crack would be aslot of zero width. The slot starts from
Professor lain Finnie of the University of California,thetOp faceor surfaceof the part and is extended in tke
Berkeley. Although he never appears as the lead author, djsction towards theack face The two surfaces normal to
invented the method [52], and has been instrumental in {if zdirection are theedges They-direction is normal to

development [2-18, 22,38,45,48,49]. the slot. The normal stress component measured by such a
slot isoy. Stress variation witdepthmeans variation in the
2.2 Components of Method x-direction, and theslot depthis calleda. The thicknessof

The compliance method can be broken down intthe partt, is its dimension in thg-direction at the plane of
several distinct components, common to all applications tife crack The remaining or uncracked ligaments the
the method. They include analytical, experimental, aridtact portion of the part in the crack plane, giveraby x
application differences. There are tradeoffs between tket. The opening of the crack or slot at gwefaceis called
accuracy, precision, and ease of implementation of thieecrack opening displacemeat COD. For a slot of finite
various possibilities. These choices and tradeoffs will beidth, the COD is generally the total opening minus the
the focus of this literature review. undeformed slot width.

There are generally two components to the analytical
portion of the compliance method: the forward and inverse surface or top face o
solutions. The forward solution is the answer to the SaIn 83uge crack opening displacement, COD

guestion “What are the strains (or displacementsK sy : b‘//// e ‘
! o “ |

that would be measured if one incrementally introduced

slot into a part with an arbitrary, known residual stress d/ePﬁ‘z,‘{l,?kké,SJQ,t,width,,,,Edge ,,,,, s
distribution?”. These strains as a function of slot depth arickness, ¢ Bk e -
/i remaining llgament t-a

referred to as theompliance functionsor compliances

This question can generally be answered using fractureback face Y —normal to slot

mechanics solutions, the finite element method, or other strain gauge Z

numerical techniques. The inverse solution is then the [X _ direction of slot extension

answer to the question “What original residual stress

distribution best matches the strains that were actuallygure 1. Coordinate system and terminology.

measured?”. This question can be answered by using the

forward solution and then solving for the average residual Figure 2 shows some additional definitions and terms

stress at each increment of depth sequentially, or by usiRg cylindrical geometries. The figure shows the two types

more sophisticated inverse solutions such as serigscuts made to measure residual stresses, both shown for

expansions. This choice will substantially influence bot@onyenience starting from the outer surface although they

the accuracy and the depth resolution of the measuremegdy start from the inner surface. Both cuts are extended

results. incrementally in the radial direction, so they are identified
There are also several experimental choices to Bg the other coordinate in the cut planecifcumferential

made when applying the crack compliance method. Thetwraps around the entire part circumference. It releases

first choice is how to introduce the slot. Possibilitiegyial stress, which is normal to the cut plane. axial cut

include saws, milling cutters, and electric discharggxtends along the axial length of the part and releases the

machining. The choice may depend on the particulgfoop or 6 stress Some researchers refer to this cut as a

appllicat.ion. For example, cutters tend to break yvh%dial cutinstead of axial. Researchers measure either axial
cutting into a compressive stress field. The next choice @ hoop strains.

how to measure the resulting deformations. Strain gauges
may be used, and a decision must be made on where to
place them and how many to use. Another possibility is
displacements measured with a clip gauge, moiré
interferometry, or a micrometer.



thickness residual stress measuremerg, cannot be
assumed negligible. However, Cheng and Finnie [11]
showed that this component of residual shear stress has no
effect on they-strains measured on the back face directly
opposite the slot. This is the location most commonly used
in the literature for through-thickness measurements.

Axial Cut Circumferential Cut 3 REVIEW—THEORY

This section reviews papers that introduce or develop
theoretical considerations for either the forward or inverse
roblems. As discussed in 2.2, the forward problem
2.4 Normal and Shear Stress Components Ealculates what stresses would be measured for a given

The literature covered in this review only reportstress distribution. The inverse problem uses results from
crack compliance measurements of the stress normal to the forward solution to determine a stress distribution that
face of the slotgy in Figure 1. However, the slot will also “best” matches the experimentally measured deformations.
release two shear stress componemisandtyy. Such shear This forward and inverse type of approach is generally
strain, if present at the slot location, could affect the straipgcessary because a direct calculation of residual stresses
measured after extending the slot and, hence, th@m measured deformation is not possible. This review
determination Ofay. There are several reasons Why this iéovers a few exceptionsl which genera”y involve
usually not a practical concern for crack compliancgubstantial approximations.
measurements.

The shear stress in the plane of the surface of the pat1 Forward Solutions

Tys 15 measured by other methods such as hole drilling. Researchers use fracture mechanics solutions, finite

There is little discussion of this shear stress in the Cra(éﬁ(ement methods. or other numerical methods to arrive at
comp]iance IiFerature,. but two simple argumentg “Hrward solutionslor “compliances,” as defined in 2.2. A

explain why it has litle effgct on Cra.Ck COrm:)“"’mc‘%/\/ide variety of geometries have been considered, leading
measurements as compared with hole drilling. to a convenient grouping distinguishing between solutions

First, tby %jleﬁmetrlca: con5|de|r|at|?fns:[ this She,[‘r’“.Sm:"ﬁwsrectangular and cylindrical coordinates. The solutions are
component will have only a small effect on thetrain einerally for linearly elastic, isotropic materials. Many

measured by the surface strain gauge. In fact, Cheng et Blutions treat the slot as a mathematical crack. A few

[8] discuss determiningy, by measuring the surface shearinCIude the finite width of the machined slot.

strain, i, rather than normal strain. At a material point, Almost all of the work reviewed here uses a

norme_ll strains are only affected by normal stresses at trélffphplifying superposition principle to solve the forward
material point. For the surface strain gauge, this relation Soblem. At first, the problem sounds daunting. When a
& = (UV_VQZ)/E' The local shgar stress only affects th lot or crack is introduced into a part containing residual
shea_r straing,; = T,/G. Releasing shear stresses at the Slgfresses, some stresses are released and the general stress
'°°‘?“°” ha_s only a smal_l effect on normal stresse_s_ 8itstribution is rearranged. At each increment of depth, the
typical strain gauge locations. Because the hole-drilli arrangement is superimposed on the results from the
method uses a.strain gauge rosette and measures at I&a&}ious step. How does one tractably calculate the
one normal strain at an angle to thandz axes, the shear deformations? Bueckner's superposition principle [55],
strgss does have a direct effect.on Fhe strain me’asurgmgﬂtgina”y developed for fracture mechanics, is employed.
This can .be seen by considering a Mohr's C.'rCI his principle, illustrated in Figure 3, says that the
tran§format|on to get the normal stresses in the direction c%formations can be calculated by considering the cracked
strain measurement. . body and loading the crack faces with the residual stresses
Second, by the free surface conditieg,must be ZE10 hat originally existed on this plane in thecrackedbody.
on the edg_es _c_>f the part. These stresses_ are not_ likely to It is possible to make a forward solution without using
build to a significant value unless the part is large inzthe this superposition principle. For example, Perl and Aroné
direption af[ the location of the slot. Since hole drilling i 37] simulate residual stresses in a finit,e element model
easily applied well away from an edge, the same argum Eh thermal loads and then remove material to calculate
does not apply. deformations. As another approach, finite element software

The x-y component of shear stress is more OfteBften allows one to specify residual stress as an initial

d:scuisedl'lr} theﬁ cr?ck compillance Ilteraturte. HBowtiverf, &)ndition and then to remove elements to simulate material
as<f) as |ttd¢.e etch' onhmos tmeasurertngn S. By teh *&moval. With that approach, care must be taken to ensure
surface condition, this shear stress must be zero on the {Rgt the model does not give strains because the initial

face where the slot is initiated. For this reason, it Residual stress state does not satisfy equilibrium. The first

assumed to be negligible for near surface measuremeggp in the finite element analysis should allow the body to

using either crack compliance or hole drilling. For throughéchieve equilibrium. The state after this step should be

Figure 2. Slots in cylindrical geometries.



considered the undeformed shape, and subsequent anal$sisl Cartesian Coordinates

steps can simulate cutting the slot. This section presents solutions for deformations due to
stresses in rectangulax,y,? coordinates. For near-surface

y ! stresses in polar coordinates, for exampig near the
! surface of a cylinder, the stresses can be treated as
_ n : rectangular if the region examined is small compared to the
- ‘ ! ‘ radius of curvature. Figure 4 shows the various geometries
‘ | referred to in this section. Solutions for surface stresses
\ ! 1 consider a crack or slot in the free surface of a semi-infinite
: R I 1 body. This configuration is also often referred to as a single
B C edge notched strip. Solutions for through-thickness
Uncracked and fP:m deforll(ned ?trcssfappliid to  geometries include the effect of the back face. Solutions are
undeformed body rom crac ace of crack, ; ; ; ; SoE
with residual Stross introduction part returns to also reviewed for a .crack in the'mterlor of an infinite plate
original shape and for a crack starting from an interior hole.
Y \ finite
crack”  width slot —
! surface stresses - internal
! = + ! one free surface hole
\ ! | ‘
i | | y | interior ‘J
{ : - Z attachment ! to plate
L | ! | X | - no free
) . ! surfaces
B A -C i ¥ through- !
. " . y thick
Figure 3. Superposition principle used to calculate t ! iwe Froe
deformations from releasing residual stresses. surfaces

Which method should one use to calculate a nefigure 4. Geometries for rectangular coordinate forward

forward solution? For a single test, a finite element soluticolutions.

may be the quickest, and a strategically constructed mesh

that allows easy simulation of the slot cutting by removing In the first appearance of the crack compliance

elements or constraints will save much effort. The researofethod, Vaidyanathan and Finnie [52] use asolution

reviewed in this article indicates that there is no need féor a crack in the interior of a plate. It was a weight

special mesh refinement at the crack tip. For multiple tedisnction solution, which allows, to be calculated in

on similar geometries, programming one of the fracturietegral form for arbitrary loading on the crack:

meghanlcs, pody .force, or other numerical solutions could K, (a):J’aa(y)h(y, a)dy,

easily save time in the long run. For a new geometry, an 0

existing solution may be a sufficiently close approximationvhere h is the weight function. Because they were

In addition to the solutions reviewed in this articlemeasuringK, directly, using photoelasticity, the solution

compendiums of fracture-mechanics weight functiogalculated onlyK, because of the release of residual

solutions are available [59,76]. The application of weigHitresses, rather than strains or displacements.

function solutions to crack compliance measurements is Fett [19,20] calculated the crack opening

discussed in this chapter. If no solution for a simila@isplacement for a near-surface stress measurement using

geometry is available or the geometry is complex, a finit@n existing weight functiork; solution. Kang et al. [29]

element solution may be appropriate. For near surfagéso calculated compliances for a single edge notched strip

measurements where the width and Shape of the suﬁing a different WE‘Ith function solution for the same

become important, a finite element solution may again ggometry. They calculated surface displacements using

the best choice. Castigliano’s theorem and a virtual force at the location of

Unless otherwise noted, the solutions presented in tififain measurement.

section require numerical solution. It should also be made Cheng and Finnie developed a set of solutions

clear that alK, solutions are for a mathematical crack, nospecifically for crack compliance measurements of normal

a finite width slot. In addition to describing the solutionand shear stress through the thickness of a strip. They

the review explicitly states whether the solution give§laimed that previous weight function solutions were in

strains or displacements. error for the limitinga/t values less than 0.05 or near 1.
They presented &, solution, constructed from other
solutions accurate for limited ranges eft, that they
claimed to be accurate for all valuesadt [5]. Cheng and
Finnie [6] repeated this solution fat,, which could be



used for measuringx-y shear stresses using cracklhe solution was claimed to be valid to a final depth of
compliance. Then Cheng et al. [10,11] applied both @ft<0.05. They also estimated that the crack length in the
these solutions to calculate displacements and strains.  out-of-plane directionz, needed to only measure 8 times

Ritchie and Leggatt [44] used the finite elementhe final depth of cut for their 2-D solution to give accurate
method (FEM) to calculate compliances for a slot saweésults for a 3-D experiment. Therefore, one does not have
through the thickness of a strip. The geometry modeled wamke the slot through the wholewidth of a large part.

a 2-D slot including the actual slot width and considerin§chindler presented a very simple to implement weight
all deformations to be plane stress. Successive elemefusction solution for strains measured near a surface cut
were removed from the finite element mesh to alloy49].

calculations for different slot depths. Strain was calculated Cheng and Finnie [13] presented the first non-FEM

on the top and bottom surfaces of the strip, as well as on g@ution for the compliances for a slot of finite (non-zero)

edge. Beghini and Bertini [1] performed a similawidth. They considered a rectangular slot in a semi-infinite

calculation, also using 2-D plane stress finite elements. plane under residual stress loading from both normal stress,

Finnie et al. [22] used a 2-D finite element analysis toy, and shear stress,,. The calculations were performed
calculate compliances for the case when the part width {@sing Nisitani’'s body force method [64], which uses the
the z-direction) varied. The specimen had a clad layer thabint force solution for an uncracked body. These point
was thinner in the-direction than the substrate. They alsdorces are applied along the prospective slot boundary, and
used a strength of materials approach to correct for out tbkir magnitudes are adjusted numerically to satisfy the
plane bending caused by high compressive stresses. appropriate boundary conditions. The calculations indicated

Several investigators have developed forwarthat, for slots with a depth of less than 5 times the slot
solutions for through-thickness measurements on a compaatith, significant errors will results from approximating the
tension specimens. Reid [42] calculated a closed forghot as a crack. Cheng et al. [15] gave a simple correction
approximation. Although he derived the inverse solutiofor a slot with a semi-circular bottom, such as that
directly (see 3.2.4), it can be shown to be equivalent to tpeoduced using wire electric discharge machining.
forward solution described here. He used a simple beam Lai et al. [31] investigated residual stresses near a
bending approximation, Figure 5. The uncracked ligamehble in a plate. They considered the introduction of cracks
was conceptually separated from the cracked portion of tegmmetrically on opposite sides of the hole and calculated
compact tension specimen. The residual stress distributidre resulting displacements. They used a fracture
was used to calculate an equivalent force and moment torbhechanics approach and the weight function for a crack
applied to the beam. Simple beam theory then gave bashkanating from a center hole.
face strains. Prime [40] demonstrated that this Cheng and Finnie [14] presented a solution for
approximation resulted in unacceptably large errors amdeasuring through thickness residual stresses near an
developed a more accurate forward solution usingttachment to a plate (see Figure 4). They gave a bracket
Schindler's technique [46,49] and a weight functiorwelded to a nuclear reactor pressure vessel as an example
solution by Fett and Munz [59]. of this configuration. The attachment could be of arbitrary

geometry and have elastic constants different from the

M, plate. They combined a fracture mechanics solution for an

F edge-cracked strip with finite element calculations for the

effect of the bracket. Strain at the back face was the

quantity calculated. They performed calculations on trial

configurations and found that the errors from ignoring the
presence of the attachment could exceed 10%.

Prime and Finnie [38] presented a solution for
compliances for a finite width slot in layered material.
They considered a surface layer on a semi-infinite substrate
with different elastic constants, and the slot could penetrate
eq into the substrate. They used the body force method,
) M., basically the same approach as Cheng and Finnie [13]. The

presence of the substrate significantly affected the

Figure 5. Reid [42] approximation for compact tension ~ compliances for a slot penetrating halfway through the
specimen using equivalent force and moment. layer when the elastic moduli differ by 50 percent or more.
Nowell et al. [34] calculated compliance functions for

Cheng et al. [8] presented a solution for measuring through-thickness crack with a dislocation density
near-surface residual stresses for strains measured very @é@lysis. At each depth, the crack is modeled by a
the cut. They considered both normal stress loadigg, continuous distribution of displacement discontinuities, or
and out-of-plane shear stresg, usingK, andK,, solutions, dislocations. The prescribed crack-face tractions result in
respectively. They calculated displacements usin@n integral equation for the dislocation density, which is
Castigliano’s theorem and then differentiated to get strain.
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solved numerically. From the density variation, one caB.2 Inverse Solutions

calculate strain at any location in the body. This section reviews the methodology researchers use
o ] to invert from measured deformations as a function of slot
3.1.2 Cylindrical Coordinates depth to the originally existing residual stresses. Most of

This section examines forward solutions in cylindricathese techniques use one of the forward solutions described
coordinates. It should be noted that, for measuring nean- the previous section. The forward solution gives the
surface stresses in a cylindrical geometry, it is possible deformations that would be measured for a given stress
use a surface stress solution in rectangular coordinategligtribution. The inverse solution then gives a stress
the region considered is small compared to the radius distribution that in some way results in the “best”
curvature. A word of caution is also in order. Some of theorrelation with the actual measurements. A comparison,
solutions presented are only accurate away from thehich could be relevant for crack compliance, of inversion
immediate region of the cut. So they may not be applicabiechniques for the incremental hole-drilling method is
for data from a strain gauge very near the slot. given by Schajer [72].

Cheng and Finnie [2] calculated compliances in a  Note that the inverse solution pioneered by Schindler
thin-walled cylinder for the case of axisymmetric axia[46,49] and discussed in 3.2.2 reveals not only the residual
residual stresses. They considered a circumferential cragtkess profile but also the stress intensity factor that would
starting at the cylinder’s inner surface and hoop stralme present for a crack growing in the part. In fact, the
measured on the outer surface. They also mentioned #wution gives the stress intensity factor first and with a
possibility of using strains measured on the inner surfagery simple calculation.
for a crack starting from the outer surface. Strain was The only direct comparison of inversion technigues is
calculated with &, solution for arbitrary loading on the given by Prime [40], who simulated a compact tension
crack faces. Cheng and Finnie [4] revisited this solutiospecimen preloaded beyond yield using finite elements. He
and gave compliances in tabular form. simulated various errors in the strain measurements and

Cheng and Finnie [3] calculated compliances in applied the Legendre series expansion inverse [2] and
thin-walled cylinder for the case of axisymmetric hoogschindler's incremental inverse [46,49]. Both methods
residual stresses. They considered an axial crack, startingvere shown to be quite error tolerant if implemented
the outer surface. Hoop strain on the outer surface wearefully. Gremaud et al. [25] also demonstrated that the
calculated with &, solution for arbitrary loading on the series expansion inverse is quite tolerant of zero-shift and
crack faces. The solution was valid for strain gaugesndom errors in the strain measurements.
located at least the wall thickness away from the cut. Cheng
and Finnie [7] added corrections to the previous solutio®i2.1 Inherent Limits on Inversion
for the case of thick-walled cylinders. Kang and Seol [30]  There are inherent limits on inverting from the
also calculated compliances for a thick-walled cylindeimeasured strains to the residual stress profile. These limits
They calculated hoop strains on the outer surface withg@ply to all inversion methods, and crack compliance

weight function solution. _ method practitioners must be aware of them. There are two
Perl and Aroné [37] calculated compliances for @)ain limits, and they are inter-related.

thick-walled cylinder with a particular residual stress First, the spatial resolution is inherently limited by the
distribution. In an autofrettaged cylinder, internal pressui§istance between the strain measurement and the location
has been applied to cause yielding and subsequent residyaihe desired interior stresses. To resolve stress variations
stresses. The authors considered an array of 7 equaler a distance of say 1 mm, you must make cuts with
spaced axial cuts starting from the cylinder inner surfaggcrements of less than 1 mm. However, just making cuts in
and calculated compliances using finite elements with thger depth increments is not necessarily sufficient. The
residual stresses simulated by a thermal load. TRggain changes resulting from each cut must be measurable
calculated dgformation was hoop strain on the inner surfaggq significant. A more distant strain gauge will generally
between adjacent cuts. give smaller strain changes for a given cut and, therefore,
Schindler [45,46,49] calculated compliances for @ecrease the spatial resolution. Note that because of
solid disk with an axial crack. He calculated surface hoq@sometric effects this is not a function of distance only. For
strains with a weight function solution and gave procedureﬁ(amme, a back face strain measurement can resolve

to ensure accuracy for near-surface or very deep crackfesses better than a closer surface gauge for some cut
where weight function solutions may be in error. Fett angepths,

Thun [21] also calculated compliances for a solid disk with * gecond, the stability and uniqueness of the inverse

an axial crack using a weight function and additionallyyyst he considered. For measurements with a top surface
included a solution for a central, internal crack. Theiéaug& the inverse will become unstable at some depth.
solutions were formulated to give crack openingpysically this occurs because the surface gauge will
displacement. eventually respond quite weakly to the release of sub-
surface stresses. The depth at which the inversion is
unstable is not well defined for crack compliance
measurements, but Cheng et al. [8] indicate that one can



determine stresses to a depth of at least 1.0 to 1.2 times the 1,y Em -

distance from the edge of the cut to the center of the strain

gauge. Schajer [72] extensively discussed this issue by the end, the average residual stress in each increment is
hole-drilling, and presumably a similar analysis could bgalculated:
applied to crack compliance. For hole drilling, the
maximum depth is given as about 0.3 to 0.4 times the mean

radius of the strain gauge rosette, which corresponds @me must realize that the strain measured at each increment
about 0.4 to 0.7 times the distance from the edge of tbécut is a function of the current depth and the stress not
hole to the center of the strain gauges. For hole drilling, thisly in that increment but also in all previous increments:
depth limit can be extended by using a larger strain gauge

rosF:ette and a larger hole. This)\//vill regult in g correspogr]ldir%g = f(al’al)’ €27 f(al,az,az)...,em = f(al,az,...,am,am)
decrease in spatial resolution. For crack-compliance, theffe stress in the first increment is calculated by

is usually room for multiple gauges at different distancesynsidering the forward solution for a uniform stress of 1 in
from the slot. This can increase the maximum depth whilge first increment. Using linear superposition, the actual
sacrificing spatial resolution only for the deeper portion %agnitude of stress in the first increment is given:

the measurements. £ )

g, —ﬁ.
3.2.2 Incremental Stress elo,=la=a

For subsequent increments, additional calculations are

.M‘?‘”V 'crac.k .compllance method mvestlgaFors ecessary. The strain after the second cut depends on the
beginning with Ritchie and Leggatt [44], calculate residual d : :

. . stresses in both of the first two increments and the new
stresses in a step-by-step manner. They determine “an

equivalent stress for each increment of slot depth, based%enometry' SO the portion of strain due to the stress in the

i T . second increment only must be calculated by subtracting
the strain reading in that increment and the stresses fro : o

: . L . the strain due to the first increment stress and the new
previous increments. This is the oldest and still mos

0,,0,,.0,,.

common method for obtaining a stress profile, often usesdot length,
with hole drilling. We will call this théncremental stress 5'2(02’32):52(01,02,32)—82(01,612), )
method. whereg, is the actual measured strain after the second cut,

~ We must make an important note about correctlyng ¢," is the strain that would be measured after the
using an incremental stress inverse. This method Wascond cut due to the stress in the first increment only.
originally developed for use with the hole drilling methodhen the stress in the second increment can be calculated

Early implementations had significant theoretical errors, Ring the forward solution for a uniform stress of 1 in the
discussed by Schajer [72]. For example, Kelsey [6Qacond increment only:

assumed that the change in strain measured after an
increment in hole depth was only affected by the stress 0. = & 3)
released in that depth increment. However, the geometrical 2 siaz =la=a, )

change of extending the hole would change the strain evgRis procedure is repeated for subsequent increments. The
if there were no stresses released in that depth incremegfess calculated in each increment will be a function of the
The incremental stress approach described here, combiRggtyjated stress in all previous increments. Using this
with correct use of the forward solutions described iBrocedure, the calculated stress distributi@xactly
Section 3.1, is theoretically sound. It appears that all Cra%produces the measured strains.

compliance literature in this review has correctly = Ag presented here in its simplest form, this inversion

implemented the incremental stress approach. HOWeVeSchnique suffers from three main potential drawbacks:
because of the lack of detail in some papers, one cannot be 1 gror Accumulation/Propagation

certain. Because the stress calculated in each increment

In its simplest form, the incremental stress technique gepends on the stresses calculated in each previous
suffers from several drawbacks. Crack compliance method jhcrement. errors will accumulate. The error in the

researchers employ various techniques to counter these gyress measured in the first increment will add

potential shortcomings. To facilitate this review, a  gpproximately linearly to that measured in the second.
description of this technique in its simplest form is given. The stress in the third increment will then contain
Then the major drawbacks are described. Following that, compound effects of the errors in the first two

the variations on the incremental stress used by crack jntervals, and so on. Unfortunately, the first increment
compliance researchers are described. is generally the most prone to errors because it has the
Incremental Stress - Basic Implementation lowest strain reading. However, because of the
physical constraints of the problem, there is a self-

At each of them increments of slot depth, the  cqrrecting effect. Therefore, the resulting stress profile
resulting deformation at some location is measured. Here may be quite noisy, but it will not monotonically

strain is considered, although the measurement may be of diverge in one direction from the actual profile.
displacement:



2. Measurement Error Intolerance increment, shares some characteristics with the series

Because the number of known strains and unknowexpansion approaches described in 3.2.3.

stresses are equal, the calculated stress distribution will Schindler [46,49] developed a unique inversion

exactly match the measurements. Because thechnique that first provides the mode | stress intensity

experimental measurements virtually always contaifactor caused by a crack extending in the residual stress

errors, this is generally not a desirable feature asfield and then provides the residual stress profile. He

ensures errors in the stress distribution. showed thakK, could be determined using

3. Error - Resolution Tradeoff E de @)

The two error types mentioned above can be reduced K"S( ):——,

by taking larger increments of cut depth. However, this Z(a) da

results in decreased spatial resolution of the strewiereZ(a)is the influence function, which depends on the

distribution. So one must sacrifice accuracy fogeometry and the location of the strain measurement but

resolution or vice versa. not on the residual stress distribution, &tids E for plane

stress and/(1-v2) for plane strain. Schindler givé@$a) for

Incremental Stress Applied to Crack compliance @ variety of configurations [45-51], and gived the
L . calculation in Eg. 4 is very simple to implement. However,

The applications of the incremental stress approach §@.ouse  this approach requires differentiation  of

crack compliance all appear to use uniform increments @fnerimental data, increased errors are possible. Prime [40]
slot depth. This can result in increasing errors because, plied this approach to data with simulated noise and

a given increment, the sensitivity decreases with increasigyrs and showed that the effect is small for differentiation
depth. Itis possible to use non-uniform depth increments {&ing a smoothing technique, such as a four-point
minimize the sensitivity to errors in the straingy,othing differential or a smoothing spline fit. The
measurements. For example, Zuccarello [77] determingdiqyal stress profile is calculated frofga) using an
optimal depth increments for the ring core method. incremental inverse based on a weight function solution for
Ritchie and Leggatt [44] combined the incrementgk nany of the existing weight function solutions [59,76]

. . e 1
stress approach with a least squares fit to minimize erroge jnaccurate for deep cracks. Schindler [73] discusses the
Strains were measuredkatlistinct locations for each of the calculation of accurate weight functions for deep cracks.

m slot depths. A least squares fit was performed to give the
m g, that best reproduced ttkex m measured strains. Note 3 5 3 geries Expansion
that it would be possible to perform the least squares fit at

each increment sequentially. However, the authogﬁ 'tl'he seco.n?. common mvderse solutpn IS 1o ﬁoilvﬁ f_cIJ_rhi
combined allm increments into a single fit in order to € slress varialion expressed as a Series expansion. S

minimize error propagation. Note also that this lea@PProach was pioneered for residqal stress measurement
squares approach requires multiple  deformatio ethod by Sch'aje.r [71] for hole drllllng'and Popelar et al.
measurements at each depth. 69] for a sectioning method. It was flrst. applled to the
Kang et al. [29] supplemented the incremental stre ack co.mpllance memOd by Cheng and mee.m and Fett
method with data smoothing. They fitted second ord 9]. As in the previous section, a general description of the

polynomials to successive sets of 7 data points using |egglproach will b.e followed by descriptions of its application
squares. They also used stress increments of 3 times rﬂ)‘&rack compliance problems.
cutting increment, 8a, in reducing the data for their Series Expansion - Basic Implementation
preferred compromise between resolution and accuracy. L
This also provided redundant data and allowed a least Assume that the unknown stress |a_mon as a
squares fit. Kang and Seol [30] averaged the readings ypction of depth cannbe expressed as a series expansion,
two strain gauges on opposite sides of the crack and then o (x): AR(X):[P]{A}, (5)
smoothed the data. ¢ =

Beghini and Bertini [1] developed an approach witlwhere the P, are some functional series, such as
one more unknown than the number of depth incrementspalynomials, x is generally normalized by the final cut
least squares fit, and additional constraints. Thegepth, and theA represent unknown coefficients to be
considered a residual stress distribution that varied lineadwlved for. Using a forward solution, the strains tatld
within each of them increments. Considering continuity, be measured for each term in the series are calculated.
this was characterized by a single stress valuenatl These are called the compliance functioBs Using
nodes. Readings from strain gauges at multiple locatiosaperposition, the strains given by the series expansion can
allowed a least squares fit to find the+ 1 nodal stresses now be written as
that best reproduced the measurements. Because the n
authors measured residual stress through the thickness of a €y (X): Z AG (X): [C]{A}' ©)
cross section, they added the constraints that the stress =
distribution satisfy force and moment equilibrium. Not%
that this approach, which gives a non-uniform stress in eac

A least squares fit is performed to minimize the error
ﬁtween the strains given by Eq.6 and the strain



measurements. This gives tie and can be written in axisymmetric through-thickness hoop stresses in a solid
matrix form as rods to ensure both symmetry and zero slope of the stresses
(A= (T [C]) " [eT {e messued- m ar=o
Yoo b b e Fett [19,20] suggested a Fourier expansion instead of
Now the stress distribution is given by Eq. 5. [ ] sugg b

As with the i tal st thod. th rpolynomials if the stress distribution is expected to have a
s With the ‘incremental stress method, there acﬁscontinuity. However, such a solution may be slow to
several potential drawbacks to this method.

1. Convergence converge. Gremaud et al. [24], Finnie et al. [22], and Prime
" . and Hellwig [39] used two separate polynomial expansions
It is generally hoped that as the order of the expansi g [39] b Poly P

; th it will ¢ uti 5 ' get stresses in a clad layer and the underlying substrate,
n],ctlncreases, . ? rt(;suf'tw '”cg.nverge T%.a sol |or)t. i there being an allowable discontinuity across the interface.
arter some point, the Tit will diverge. 1Nnis NECesSItales — ngyel et al. [34] expressed stresses through the

some method for selecting an appropriate fit order. thickness of a beam with a Fourier series instead of

2. Ability of Expansion to Fit Actual Distribution %Iynomials. No reasons were given. However, a Fourier

The accuracy of the solutlon IS d.ependenf[ on the abil ries may be less susceptible than polynomials to endpoint
of the chosen series expansion to fit the actu stability

distribution within a convergent number of terms in the For a stress field that cannot be accurately fit with

series. If the actual stresseg vary too rapidly or in SOM8 tinuous polynomials, Gremaud et al. [25] proposed a
other way are not gxpres&ble in terms of the Chos%%line—based alternative they called “overlapping piecewise
expansion, errors will result functions.” They divided the region of stress variation into
3. Endpomt St".’lb“ty . . . a set of overlapping intervals. Then the stress in each
Ser|.e§ expansions of this type using pOIynom'aIS.Oﬁ(?Hterval was expressed as a linearly or quadratically varying
exhibit |n§tab|I|ty near the endpoints of the fitte ?eries expansion using a least squares fit. The intervals
range. Th|s.can often be observed by. comparing reSl\/;[l'?—:re fit sequentially, with the effect from each previous
for successive even and .Odd exparjsmnanq n+Lin interval considered as with the incremental stress method.
Eq. 5. So the stresses given by thls'techmque may Rf averaging procedure gave continuity at the region of
less accurate at the surface and the final cut depth. overlap between successive intervals. This technique is
Series Expansion Applied to Crack compliance more computationally intensive than a continuous series
expansion but promises to combine the best features of the
eries expansion and incremental stress methods. It was
143 applied by Prime and Hellwig [39].

Legendre polynomials are commonly used with th
series expansion approach because the higher order te
automatically satisfy equilibrium. Cheng and Finnie [2
expressed axisymmetric axial residual stresses through @_5_4 Miscellaneous Inverse Methods
thickness of a cylinder with Legendre polynomials. By ) o
excluding the Oth order (uniform stress) term, the resulting  V&idyanathan and Finnie [52] were able to use a
stresses are guaranteed to satisfy axial equilibrium. Thelpsed form inverse because of their unique experimental
used three terms in the series to fit strain data from eighthods and choice of specimen configuration. First, they
cut depths and several strain gauges and noted tﬂgj{fasuredKI dlrectl_y, rather than strain or dlsp_lacement,
calculations using a power series instead of Legendf§nd @ photoelastic coating. Second, they consujered a slot
polynomials resulted in a less convergent fit. Cheng arffgierior to a plate. For a crack of leng#a cut into a
Finnie [7] noted that, for measuring through-thicknes@es'd“al stress flel'd symmgtrlc abqut the center of the
longitudinal stresses in a plate, excluding the Oth and 1&@Cck.x = 0, the weight function solution can be solved for

order terms guarantees the satisfaction of stress aft§ Stresses:
moment equilibrium. The highest order Legendre - (a):ii a K, (XWx dx )
expansion appearing in the literaturenis 9 by Cheng et Y J da.ro m '

al. [12,14]. Cheng and Finnie [14] averaged bewVeelgres;umably this equation was solved numerically from

successive orders of the series expansion (i.e., 8th and 9F'm'asurements df, at the discrete cut lengths. This closed

resumabl minimize en int in ility. . ) . .
presumably to : © e'dpo tinstability form inverse required direct measuremenkKgfhere using
Power series expansion are commonly used for negr

A cumbersome photoelastic technique, and was limited to a
surface measurements. Fett [19,20] expressed stresa%sck internal topa plate que,
partlally through a bar with a Sth dggree POWET SETES  j5erms [28] used an approximate finite element
expansion. Cheng et al. [8] also discussed measuripg.,

stresses near the surface using a power series expansion hod to solve for the stresses from displacement
. gap . pan easurements after introducing an axial saw cut into a
Researchers occasionally constrain the solution

. ) nglroad wheel. In this case, the stresses and the wheel
match a symmetry inherent to the problem by using

flickness varied in the out-of-plane directianas well as
subset of a series. Fett and Thun [21], using the symme b na

when m fing_ axisvmmetric h tr throuah t the depth direction. He interpolated measured
© easuring axisymmetric noop stresses throug %placements to get displacement values throughout the

thlgkness of a.sohd disk, used or'1lyleven terms in a POWE(irface of the cut. Then he modeled the final state of the
series expansion. Cheng and Finnie [18] used only ev

. eel after the saw cut and forced the displacements back
Legendre polynomials to order 6 for the measurement g?] P



to the uncut state. He claimed that the resulting stredistance from the nearest edge of the slot to the strain
distribution may not be unique, but it could exist and wouldauge as the crack-to-gauge distance for the analysis. Slot
satisfy the boundary conditions. shapes other than square-bottomed could be expected to
Reid [42] used a beam bending approximation tbehave similarly. So the answer to the original question is
calculate residual stresses in a compact tension specintlieat the shape of the slot only matters for near-surface
from strains measured during extension of the notch. Aseasurements where the slot’'s depth to width ratio is less
discussed in 3.1.1 and illustrated in Figure 5, he calculatdthn about five. For near-surface measurements, Cheng et
the equivalent force and moment due to releasing residwl [15] gave a simple correction to a solution for a square-
stresses and applied them to the uncracked ligament. Toatomed slot [13] for the case of an EDM slot with a semi-
result was a closed form integral equation for residuaircular bottom. When one considers plasticity effects,
stresses in terms of the measured strains. Prime [48&trucci and Zuccarelo [67] mentioned that the profile of
demonstrated that this approximation resulted in largée slot, especially the sharpness of the corners, can make a
errors. difference. Their study only considers square-bottomed
Read [41] measured thé-integral resulting from slots, so no quantitative conclusions can be made about the
residual stresses for a semi-elliptical surface crack oflative effect for different shapes. It seems reasonable to
successive depths. Strain gauges were placed alongassume that yielding effects would be lowest for a semi-
contour around the crack. By approximating some terms dircular bottomed slot, where there are no sharp corners.
the contour integral and then numerically integratihgias Very little research has evaluated the effect of
given as a function of depth. yielding on residual stress measurements using the crack
Perl and Aroné [37] inverted from measured strains twompliance method. Petrucci and Zuccarello [67]
the autofrettage level in a cylinder. Their forward solutioinvestigated plasticity effects for a residual stress
indicated that the strains measured when their set of axiabasurement technique where one cuts grooves on both
cuts penetrated 7.5% to 15% through the thickness of thieles of a strain gauge and determines a uniform stress from
cylinder wall were especially indicative of autofrettage single strain reading for a deep slot. They used a plane-
level. A simple formula was given to calculate autofrettaggtress finite-element analysis with elastic-perfectly plastic
level from these strains. Perl [66] extended this technigirehavior and the Von Mises yielding criterion. They found
to a single cut. However, he now only takes strain readingse errors to be negligible for residual stresses below half
after the cut completely separates the ring rather thanthé yield stress and to depend on the slot depth for higher
incremental cut depths, which removes the work from thresidual stresses. One would expect the errors to be even
scope of this review. lower for a strain hardening material. The implication of
Orkisz and Skrzat [36] outlined a technique tdhese results is not apparent for the crack compliance
reconstruct residual stresses from measurements takeathod, where a residual stress profile is determined using
during successive extension of an axial slot in a railroaliccessive depths of a single slot. Schindler and Finnie [48]
wheel. For such a part, both geometry and residual stresegsde a correction for local yielding effect in tests on a
vary in the out-of-planez, direction as well as the depthCharpy specimen. They assumed a yielded region in front
direction, x, increasing complexity significantly. They of the crack tip, calculated the expected results for such a
proposed to use strain measurements, crack openitgge, and fit their measurements to this case.
displacements, and Moiré interferometry. The inverse
solution for residual stress was to be accomplished usingp =\ /jEW — APPLICATIONS
constrained optimization methods. This is applied first to a
solution for the plastic zone, the region in the wheel where This section reviews all known experimental
irreversible strains occurred. From the plastic zone solutioapplications of the crack compliance method.
a solution in the surrounding elastic zone would b€omputational or simulated experiments are excluded.
similarly obtained. This technique was not applied to either The configuration of the application drives many of

an actual or simulated experiment. the experimental choices, such as type of cutting, type and
location of deformation measurement, and forward and
3.3 Other Considerations inverse solutions. For this reason, applications in

A common question asked of crack COmp”am:éectanguIar and cylindr?cal coordinates are considered
researchers is “does the shape of the slot matter?”. ManySgParately. An effort is made to quantify relevant
the forward solutions consider the slot as a mathematicacﬁgpe”memalI details, such as the increment of cutting
sharp crack, whereas a saw cut will have a square profifPth. Sometimes the values reported here are given
an EDM cut will have a semi-circular bottom, and one ca@XPlicitly in the paper; other times they are estimated from
sharpen a crack tip to get a V-notch [29]. Cheng and Finrfaphs and figures. o .
[13] compared square-bottomed slots with mathematical 1Ne vast majority of the applications are to monolithic
cracks and concluded that, for elastic behavior, a slot colftftals. Exceptions are Fett's [19,20,21] applications to
be considered a crack without significant errors (> ~109MMA  (Plexiglas) and PVC  (polyvinyl = chloride),
when the depth was more than five times the width. For thteérmann's [27] application to metal matrix composites,
best results when making this approximation, use tiff1d @ few applications to clad layers [22,24,39].



Table 1. Experimental Applications of the Crack Compliance Method, Chronological (key on next page)

Solution Slotting: a = depth, t = thickness (mm) Component Specimen
Authors frwd inv. tool a da alt measured | calc. material configuration
Vaidyanathan & Finnie [52] Ki CF saw 50 ? NA Ki Sy Al butt-welded plates
Cheng & Finnie[2] Ki SE-L MC 2 0.25 0.6 e-BF Sax 304 stainless steel | circ.-welded thin cylinder
Cheng & Finnie[3] Ki SE-L MC 42 16 ~1 erS Sq Al, 7050 quenched thin cylinder
Cheng & Finnie[4] Ki SE-L MC 23 0.8-1.6 0.8 e-BF Sax 304 stainless steel | butt-welded thin cylinders
Fett [19,20] Ki-wf SE-P saw 33 0.6-3.0 0.65 COD-E Sy PMMA single-edge notched strip
Joerms [28] NA FEM saw ? ? 0.5 COD-SE Sq steel railroad wheel
Ritchie & Leggatt [44] FEM 1SQ MC 25 1.66 ~1 e, -SEBF | sySa steel bent beam, section of welded cylinder
Reid [42,43] NA CF WEDM 28 0.25-0.5 ~1 e —BF Sy steel compact tension (CT) specimen
Kang et al. [29] Kj-wf IS saw 80 2.0 0.6 COD, g -S Sy steel butt-welded plates
Read [41] NA J MC 14 1.0 0.28 e, -S,BF J steel welded plate
Beghini & Bertini [1] FEM 1SQ saw 75 1.0 ~1 e —E Sy steel welded plates
Cheng & Finnie[9] Ki SE-L ? 25 ? ~1 erS Sq 4335V steel quenched thick cylinder
Cheng et al. [12] Ki SE-L | WEDM 19 ? ~1 e, —BF Sy 304 stainless steel | 4-point bent beam
Gremaud+ [24], Cheng+ [16] BF SE-? | WEDM 1.0 0.025 0.05 e -S Sy stellite, steel laser clad layer
Lai etal.[31,37] K)-wi ? saw 14 NA 2 COD-E sy steel ballised holein plate
Cheng & Finnie [14] Ki+FEM | SE-L | WEDM 159 1351 0.96 e, -SBF Sy low carbon steel | in thick plate near attached bracket
Cheng et a. [15] BF SE-P | WEDM 0.8 0.025-0.05 0.05 e -S Sy 304 stainless steel | 4-point bent beam
Cheng et al. [16] BF SE-S | WEDM 0.65 | 0.013-0.025 0.02 e -S Sy Ti-6Al-4V shot peened
Hermann [26] NA CF WEDM 12 ? ~1 e, —BF Sy 70177651 Al compact tension
Schindler et al. [45,46,49] Ki SE,IS| WEDM 140 1.3-15 ~1 e-BF Sq tool steel quenched solid cylinder
Perl & Aroné[37] FEM CF saw 39.3 1.7-5.6 0.7 e;-S,BF Sqt+ Steel autofrettaged thick cylinder
Hermann [27] NA CF WEDM 12 ? ~1 e, —BF Sy Al-Li + SiC compact tension MMC
Fett and Thun [21] Ki-wf SE-P saw 20 5.0 0.9 COD-E Sq PvVC solid disks
Kang & Seol [30] Kj-wf IS saw 18.6 0.8 ~1 erS Sq steel water-quenched thick ring
Finnieet a. [22] FEM SE-L | WEDM 52 1.0 ~1 e -BF Sy stellite, steel laser-clad layer
Schindler & Landolt [47] Ki-wf IS WEDM | 12,30 | continuous ~1 e, -SBF Ki sy steel bent beams
Gaatolo & Laciotti [23] ? ? MC 70 ? ? e Sy Al 2219 arc-welded plates
Nowell et a. [34] DD SE-F | WEDM ? ? ? e -? Sy ? bent beam
Prime & Hellwig [39] BF SE-P | WEDM 38 0.13-0.25 0.18 e, -SBF Sy CuonAl laser clad
Schindler & Bertschinger [50] Ki-wf IS WEDM 12 continuous ~1 e —BF Ki,sy | high strength steel | bent beam
Schindler & Finnie [48] Ki-wf IS WEDM | 10,40 | continuous ~1 e, —BF Ki sy mild steel Charpy specimen, pre-cracked plate
Schindler [51] Ki-wf IS WEDM | 23,12 | continuous ~1 e —BF Ki sy stainless stedl 2 CT & 1 beam specimens
Cheng & Finnie[18] ? SE-L | WEDM 50 ? ~1 e, —BF Sq Al 2024 water quenched rod & disk
Limet al. [33] Ki-wf IS saw 20 10 0.5 COD-E Sy 6061-T6 Al ballised & indented hole in plate




Table 1 chronologically lists all of the experimentatompleting the cut, to allow cooling to equilibrium. A
applications of the crack compliance method reviewed similar test on a stress-free specimen indicated that the
this article. For each application, the table gives thgawing induced negligible stresses and would not affect the
theoretical approach, the details of making the slot, thesults. The residual stresses were calculated usiKg a
deformation measurement and calculated stress compondatyard solution and a power series expansion inverse. The
and the material and geometry tested. A key to thesults indicated that a 3rd order power series did not
abbreviations is given after the table. The reader @&lequately describe the stresses or accurately reproduce the
encouraged to consult the table for details not available imeasured strains. The 4th and 5th order expansions were

the text of this review. similar to each other and accurately reproduced the
measured strains, indicating convergence in the expansion.

Table 1. - Key Ritchie and Leggatt [44] measured residual stress

All Categories Cutting Tool through the thickness of a cold bent beam. The 25 mm
NA ”u‘;tsapeﬁ’:'iifci:g'e :Aaév nsqtiﬂ?,ighé;?;e saw thick beam was made of BS 4360 Grade 50D structural

' P WEDM wire glectric discharge maching steel.. The beams were carefully stress rglleved before
Forward Solution Measured Deformation Component bending in a four point fixture. A 2.4 mm thick saw was

K mode | stress intensify,, €,, & normal, axial, hoop strain used to cut a slot in 1.66 mm increments through the beam

factor solution CoD crack opening displacement |  thickness. Multiple gauges measured strains on the top

K, —wf using Bueckner’s
weighfunction -S top surface (see Figure 1)
FEM finite element methofl -BF back face

surface, edge, and back face. A FEM solution, including
the finite width of the slot, was the forward solution. The

BE body force method | -E  edge " inverse solution was incremental stress combined with a

DD dislocation density least squares fit for the multiple strain readings. The results

Inverse Solution Calculated Stress Component agreed well with a prediction for the residual stress profile

g; g:eoriS:sdgngnsion %y Ou 08 goiLTei;'r;XIaL hoop stress based on an elastic perfectly plastic material. The results
-L Legendre poITynomiaIs K mode | stress intensity factor from usmg only back falce strain data agree;d well with
-P power series those using all the strain gauges. Tests using the same
-S splined (piecewise) Material/Specimen procedure on a stress-relieved part indicated that errors
-F Fourier PMMA  Plexiglas from cutting induced stresses would not exceed +20 MPa.

IS Incremental Stress | PVC — polyvinyl chloride Reid [42] measured residual stress through the
-Q + least squares fit MMC metal matrix composite . h . -

3 J-Integral cT compact tension remaining ligament of a steel compact tension specimen. A

standard geometry 25 mm thick compact tension specimen
of mild steel was compressively preloaded to produce
4.1 Rectangular Coordinates residual stresses. Reid was the first crack compliance

. . . N . ethod researcher to machine the slot using wire electric
This section reviews applications where re&dua?

stresses are measured in rectangula %, coordinates ischarge machining (wire EDM). A 0.25mm diameter
guiarx.gia, " _wire made the cut in 0.25 to 0.5 mm increments from the

It is further divided into measurements of through-thickne%sp of the machined notch to the back face, where a gauge
or near-surface stresses. measured the released strains. Reid’s closed form inverse
was used to solve for the stresses as a function of depth. To
perform the inverse, the measured strains as a function of
This section reviews crack compliance method|ot depth were fit with two 6th order splined polynomials.
applications for measurement of residual stresses througRig noted that the calculated stresses satisfied equilibrium
the complete, or a substantial portion, of the part thicknesg.the cross section to within 5%. Reid et al. [43] compared
This approach is distinguished from near-surface stregf results in this specimen with neutron diffraction results

measurements in that the effect of the back face frg@d used the results to predict crack growth rates in a
surface must be considered in the analysis, i.e., the forwaggigue test.

solution. Strain measurements are often made on the back kang et al. [29] measured residual stresses across a

face instead of, or in addition to, on the top face near thgtt-welded plate. Two 10 mm thick steel plates were butt-
slot. Since through-thickness residual stresses must satigfy|ded together using gas metal arc welding. Each plate
force and moment equilibrium, this can serve as gas 50 mm long in the direction normal to the weld line. A
constraint in the solution process or a check on the validigfack was introduced from one edge of the plate in 2 mm
of results. increments using a 0.6 mm thick hand saw. A second saw
Fett [19,20] measured residual stress through abapith a sharp tip was used before each strain measurement
65% of the thickness of a PMMAeam. A 50 mm thick o pest approximate a mathematical crack. At 50 mm depth,
beam was heated on one face to 120° C and held at rogqa siot passed through the weld line, and it was continued
temperature on the opposite face and then quenched. TY gdditional 30 mm. Two top surface gauges, located
indentations were made on one edge of the beam to allgy mm on either side of the slot, measured strains. An
COD measurements to be made with a microscope tOgRtensometer also measured COD. The authors used a

precision of about +2im. A hand saw was used to cut thgyejght functionK, solution as the forward solution. The
slot. The COD readings were taken 20 to 30 minutes after

4.1.1 Through-Thickness Stresses



inverse solution was incremental stress using 6 moharacteristic of polynomial expansions. Cheng and Finnie
increments, three times the cutting increment. The strgi@] briefly reported other results on a similar specimen.
measurements on either side of the slot were averaged and Hermann [26] measured residual stress in the
then smoothed before inversion. The results using straimscracked ligament of an aluminum compact tension
and those using COD agreed fairly well. The results wespecimen. Ten mm thick 7017-T651 aluminum compact
compared with hole drilling measurements. tension specimens were compressively preloaded to three
Read [41] measured thé&integral due to residual different load levels. A slot was incrementally extended
stress near a weld in a steel plate. To prepare specimengsiag wire EDM from the tip of the pre-existing notch to
5 cm thick A-387 Grade 22 steel plate was cut with troughike back face, about 12 mm. The measured strains as a
5 cm wide, 3.2 cm deep, and 20 cm long. The troughs wetection of depth were fit with a 5th order polynomial and
filled by welding. The slot was cut perpendicular to théhen inverted to residual stresses using the approximate
weld using a 7.5 cm diameter circular saw. This resulted ahosed form inverse of Reid [42]. The results clearly
a crack with a circular front and with a length that varied atemonstrated the effect of the preload magnitude. Hermann
the depth increased. The slot was cut in 1 mm depip7] repeated these test on specimens of 8090 Al-Li
increments to a final depth of 14 mm. Readings fromeinforced with 17 vol% silicon carbide (SiC). The study
multiple strain gauges were used to calculatelthdegral. again compared various preloads and also looked at
He estimated the uncertainty to be about £20%. specimens without the SiC reinforcement.
Beghini and Bertini [1] measured residual stress fields  Finnie et al. [22] measured residual stress through the
in steel plates with various weld geometries. A laser creatddckness of laser-clad parts. Stellite F was clad to a 40 mm
welds in the long direction of ferritic steel plates 20 mnthick substrate of 304 stainless steel. The final layer
thick, 500 mm long, and about 72 mm wide. A saw wathicknesses varied from 12 to 20 mm for different
used to introduce a slot in 1 mm increments from one edggecimens. In some tests the substrate was preheated in an
After reaching half-width, about 36 mm, cutting was startedttempt to reduce tensile residual stresses. Wire EDM
from the other edge and continued until the two slots mitcrementally introduced a slot in 1 mm increments starting
and the part separated. Five gauges measured strain onftbm the clad surface, using a 0.25 mm diameter wire. In
plate face along the length of the cut. An enhancebe first test on a specimen prepared without preheating the
incremental stress inverse, supplemented by a least squatdsstrate, a crack spontaneously propagated during
fit and constraints to ensure force and moment equilibriurmachining of the slot. In subsequent tests on the non-
gave linear stress variation in each increment. preheated specimens, the strain gauge was placed on the
Cheng et al. [12] measured residual stresses througlad surface and the slot started from the other face. The
the thickness of a beam having a known residual strdsEM forward solution accounted for the layer and substrate
distribution. The beam was made of stress-relieved 3®éving different widths in the out-of-plan® ¢lirection. For
stainless steel, had a 19 mm square cross section, and thaspreheated specimens, a strength of materials correction
cold bent in a four-point bend fixture. Strains measured @atcounted for out-of-plane bending caused by high
the top and bottom surfaces during bending allowed tlwmpressive stresses. They used a series inverse with
computation of the residual stress distribution from streskegendre polynomials and separate series in the layer and
strain curves measured during the actual bending. A skibstrate. Their results agreed well with a computer
was introduced using wire EDM, and strain was measurstnulation.
with a gauge on the back face directly opposite the cut. The Schindler and Landolt [47] measured bdth and
authors used &, forward solution [10] and a Legendreresidual stresses in two different bent steel beams. In both
series expansion inverse. They found close agreemeatses wire EDM was used to make a slot about 0.3 mm
between expansions with orders 7, 8, and 9. The resuligle. On one beam the strains were only measured on the
agreed very closely with the known distribution, in spite dback face, and on the other strains were measured on the
the low magnitude of the residual stress distribution, whidlop surface as well. Th& from residual stresses was
was less than 100 MPa throughout. calculated directly from the strains and then used to
Cheng and Finnie [14] measured stress through tkletermine residual stresses using an incremental stress
thickness of a plate at the toe of a welded attachment.idverse [46].
50.8 mm wide bracket was welded to a 166 mm thick Schindler and Finnie [48] measured boih and
A533-B low carbon steel plate. Wire EDM was used toesidual stresses in pre-cracked steel plates. They examined
machine a 0.33 mm wide cut through the 166 mra Charpy specimen with a 2.5 mm long fatigue pre-crack
thickness. Three gauges on the back face measured (& = 0.25) and a plate with a 20 mm long pre-cragk £
released strain. Th¢ forward solution for an edge notched0.5). K, was calculated directly using strains measured at
strip [10] was combined with a numerical procedure tthe back face [46,49]. Then an incremental stress inverse
include the effect of the attachment. The inverse solutiarave residual stresses from tKe values. In one of the
was a Legendre series expansion with the uniform asgecimens, the residual stresses were high enough to cause
linear terms set to zero to ensure force and momeyielding during the slot cutting and a correction was made
equilibrium. They averaged the 8th and 9th order expansiéor this nonlinearity.
results to reduce the endpoint instability that is



Nowell et al. [34] measured residual stress through tle®lution was a series expansion, apparently using separate
thickness of a bent beam. Their purpose was to demonstre¢gies in the layer and substrate. The results are
the applicability of dislocation density analysis to thejualitatively compared with x-ray results and agree well
forward problem. Results from a 5 term Fourier seriesxcept in one regard. The crack compliance method
expansion inverse agreed well with predictions. measured a small region of compressive stress in the

Schindler [51] measured crack closure stresses as walibstrate steel just below the interface that was not
as residual stresses in several specimens. He argued thaasured by x-rays. Subsequent metallographic analysis
contact stresses in the closure zone of a fatigue crack cotggealed a martensitic transformation in this region. Such a
be considered a special type of residual stresses aitthse change is accompanied by a volume expansion that
measured in the same manner. He fatigued two compaenerally produces compressive residual stress. This result
tension specimens of austenitic stainless steel such thates strong evidence of the crack compliance method’s
each had a fatigue crack about 3 mm long. One of tlability to resolve variation with depth. Cheng et al. [16]
specimens was subsequently overloaded to remove craekisited this test and reduced the same data using a
closure effects. The slot was introduced using wire EDMiecewise series expansion to improve the results.
and K, and the residual stress were calculated using Cheng et al. [15] measured stresses in a specimen that
Schindler’s inversion technique [46,49]. The results clearlyjad an accurately known residual stress distribution in
demonstrated the ability to measure the crack closuoeder to evaluate the application of wire EDM to crack
stresses. Closure stresses were also measured in a beampliance measurements. A beam of 304 stainless steel

specimen with a 0.5 mm fatigue crack. was bent in a four-point fixture. A slot was introduced
using a 51um diameter molybdenum wire. One cut was
4.1.2 Near-Surface Stresses made on the tensile stress side of the beam with the EDM

This section reviews crack compliance methodachine in “finishing mode,” which involves more gentle,
applications for measurement of stresses near the surfaét slower, machining. The stress distribution agreed quite
defined by the slot penetrating a small enough fraction !l with the known one and agreed almost exactly when
the full thickness that the part can be considered senfit® slight EDM correction was applied. A second cut was
infinite for analysis purposes. For such measurement§ade on the compressive stress side with the EDM
strain or displacements must be measured on the fl@@chine in “roughing mode.” The results agreed with the
surface and close to the slot. The strain readings measufg@wn distribution after the EDM correction. With the
close to the slot will saturate at some depth and no lond@tghing mode cut, the correction was fairly substantial,
be useful for determining stresses, see Section 3.2.1. It this was considered to be partially because of the low
be important to make a narrow slot and control its depmagnitude of the residual stresses. Cheng et al. [12] and
precisely. The width of the slot should be considered whé&fémaud et al. [24] reported results from very similar tests
the slot depth is less than five times the width, see SectiBfi SPecimens prepared in this same manner.

3.3. Because of the proximity of the gauge to the machined Cheng et al. [16] measured the near-surface residual

slot, stresses introduced during cutting can affect t&ress distribution on a shot-peened titanium part. The
results. specimens were 43 mm thick and made of Ti-6Al-4V. The

Several applications that were reviewed in thélot was made using EDM with a 2Bn wire to a final
through-thickness section also included surface stre48Pth of 0.65 mm. A small surface gauge, placed as close
measurements. Ritchie and Leggatt [44] measured strafs Possible to the cut, measured the released strains. Tests
on the top face near the cut, in addition to the edge aff @ stress-relieved specimen indicated that the cutting had
back face, to improve the near-surface portion of thefo €ffect on the strain measurements. The body force
through-thickness measurements. They also used an FEpgthod forward solution included the finite width of the cut
solution that included the finite width of the slot. Chendl3l:- The inverse solution was a piecewise series
and Finnie [14] and Schindler and Landolt [47] als@Xpansion, with three quadratic functions over the first 14
supplemented back face strain measurements with strafia points and linear functions over the next 5 intervals.
measured on the top face near the cut to improve tResults were presented for two tests on the same specimen
surface stress portion of their measurements. and agreed well. The compressive peening stresses existed

Gremaud et al. [24] measured stresses through teonly the first 100um of depth and appeared to be well
thickness of a laser-clad layer and into its substrate. /&SOlved by this method. The results compared favorably
0.58 mm layer of Stellite 6 was clad to a carbon ste¥fith x-ray results.
substrate using a fast axial flow gQaser. Careful Prime and Hellwig [39] measured residual stress in a
mechanical grinding and subsequent sanding prepared fger-clad layer and into the underlying substrate. A 1 mm
surface for strain gauging. The slot was introduced in dBick layer of a copper alloy (E = 124 GPa) was laser clad
um increments using wire EDM and a B diameter to a 20 mm thick substrate of aluminum (E =72 GPa). A
molybdenum wire. The authors used a body force meth§tPt was cut using wire EDM and a 0.25 mm diameter wire
forward solution for edge notches of finite width [13].t0 @ final depth of 3.8 mm. The body force method forward
Because the elastic constants for steel and Stellite are clgi@ution included the finite width of the slot and in the
a solution for a single material was acceptable. The inveldéference in the elastic constants [38]. The series



expansion inverse solution used a single cubic expansion in Fett and Thun [21] measured hoop stress in a solid
the layer and overlapping piecewise power series [25] PVC (polyvinyl chloride), cylinder. In some of the tests, the
the substrate. The results were compared to x-ralot was extended from the center of the disk and the COD

measurements. was measured at the center. Unlike the other applications in
this section, the free surface (outer radius) effects were
4.1.3 Interior Stresses included in the analysis. This work is further discussed in

This section reviews the infrequent crack compliancé2-2: o . .
method applications for measuring residual stresses interior Galatolo and Lanciotti [23] measured residual stress in
to a plate or other structure. In these cases, the slot is Wsided plates. Plasma arc welding made a weld along the
started from an exterior free surface. Instead, it is started ggnterline of 7 mm thick aluminum 2219-T851 plates. Few
drilling a hole in the interior or by using a pre-existing® the te;tlng details are given. A central cut was extended
hole. The forward solution usually considers the freBrogressively so as to simulate the growth of a crack across
surfaces (other than the hole) to be at infinity and not #§¢ Wweld bead. Measured strains were used to calculate
affect the stresses relieved by making the slot. For sucHegidual stresses as a function of the crack length. The
geometry, the deformations must be measured on the edg@thod of solving for stresses was not stated.
rather than on a face, by our definitions in Figure 1. o )

Vaidyanathan and Finnie [52] measured residudl-2 Cylindrical Coordinates
stresses in the interior of a plate made by butt welding two  This section reviews measurements of axial and hoop,
aluminum plates together. The plates, 6.35 mm thick 606&lso known as circumferential, residual stresses in
T6 aluminum, were joined using electron beam weldingylindrical coordinates.

Using the coordinates of Figure 4, one plate would be No experimental applications of directly measuring
defined byx > 0 and the other by < 0, with the weld line radial stress with the crack compliance method are
running along they-axis. A 1.6 mm diameter hole wasavailable, because of the difficulty of releasing the stress
drilled 50 mm in thex-direction from the weld centerline. component by a slot. However, there are ways to determine
A slot was then extended from the hole in #adirection radial stress from other measuremeifitthe stresses are
towards the weld using a 0.15 mm thick “jeweler's saw,” axisymmetric; as has been noted by several researchers
hand saw. The slot was extended to and through the welti8,45,56]. The radial equilibrium equation reduces to

K, was measured at the slot tip at each increment using a do, o, -0, -0 )
photoelastic coating. The authors usef| forward solution dr * r
and a closed form inverse to gg{(x). which, combined witho, = 0 at the free surface, gives one

Several investigators have examined residual stressga ragial stress profile from the hoop stress profile. This is
near ballised, or cold-expanded, holes in plates. In thigrely applied because the radial stresses are small and

process, a ball or other object is forced through a slightiyrely contribute to failures, so they are generally of little
smaller hole, producing compressive residual stress andgfsrest.

improved surface finish. Lai et al. [31] ballised 10 mm
thick plates of medium carbon steel using a 19 mm > 1 Axial Stress

diameter tungsten carbide ball. Axial saw cuts were . : . o
) . : In this section, crack compliance method applications
introduced at opposite edges of the hole in 2mr];r(1)r

. . measuring residual axial stress in cylindrical geometries
increments to lengths of 14 mm each. Displacements were . L : . . :

: : are considered. This involves introducing a circumferential
measured using two points separated by 60 mm on opposii€

sides of the hole and on a line perpendicular to the slot. S ot in order to release the stresses. The slot may proceed

traveling microscope measured the displacements to + rem the qutsnde surfape in, or vice versa. Either releaged
- . . o oop or axial deformations may be measured on the cutting
pm precision. The inverse solution was not specified but

: surface or the back face. Some investigators measured
appeared to be an incremental stress procedure. The resylts : . ;

. - strésses in a thin ring cut from a long cylinder. All of the
showed the compressive stresses near the hole changing to

X . plications which involve cutting a circumferential slot
balancing tensile stresses farther away. Oh et al. [3 . :
: assume that the stresses are axisymmetric.
discussed these results further and compared them toa : . ; s
A circumferential slot is more difficult to produce

theoretical prediction. Lai and Siew [32] repeated the%ﬁan an axial slot, which may account for the limited

tests with different specimens in which the hole wag, . .on'of this technique for axial stresses. Cheng et al
finished by ballising, wet blasting, and shot peening. Th )Jpp N . o .

correlated the residual stress results with fatigue life. Li 6] present a method to deduce plane-strain axial residual

L stresses from hoop stresses measured in a long cylinder and
et al. [33] performed similar measurements on 6 mm s . .
diameter holes in 2 mm thick aluminum plates. Some hol&s 2 thin ring cut from the cylinder. This approach was

P ) applied by Cheng and Finnie [18] and is reviewed in 4.2.2.

had the residual stress distribution changed by a ring* o . : )
. . . . . : Cheng and Finnie [2] measured axisymmetric axial
indentation technique applied after ballising. The residual . . . . :
. ) residual stresses in a circumferentially welded thin-walled

stress measurements were correlated with fatigue crack. : : .
ylinder. The cylinder was 3.3 mm thick, 66 mm in

C
growth rates. diameter, and made of 304 stainless steel. An electron

beam made a single-pass weld around the circumference of



the cylinder in the middle of the cylinder's 71 mm length4.2.2 Hoop Stress
The heating conditions were such that the weld penetrated | thjs section, crack compliance method applications

to the inner wall. A circumferential slot was made using & measuring residual hoop stress in cylindrical geometries
0.23 mm th|Ck m|”|ng cutter. The cut Started at the |nn%re ConSidel’ed. Un“ke axia| stress measurementS, no

surface and progressed in 0.25mm depth incremenfgisymmetry assumption is inherent in the measurements.
toward the outer surface until the cutter broke about 62% Qbwever, some researchers use equilibrium constraints

the way through the thickness. Three strips of 10 strajpmich apply only to axisymmetric stresses.

gauges each were mounted on the outer surface of the Cheng and Finnie [3] measured axisymmetric residual
cylinder, separated by 120° around the circumference. QBop stresses through the thickness of a quenched thin
each strip the gauges measured hoop strain with the ﬁé%nder. They used two water-quenched 7050 aluminum
gauge on the weld centerline and each successive gawgfnders 42 mm thick with mean diameters of 378 mm. An
2 mm further away from the weld. The data reduction usegia| cut was made using a 0.8 mm wide milling cutter,
the average of the three gauges at the same distance fgqg}ting at the outer surface and progressing completely
the weld. AK, forward solution and a Legendre serieshrough the thickness. Gauges measured hoop strains at 15°,
expansion inverse up to order 3 were used togggk(r). 300, 90°, and 120° circumferentially from the cut on the
An analytical prediction of the welding residual stressegyter surface. The measured strains were fit with a 6th
agreed well with the measurements. order polynomial before solving for stresseskAforward

~ Cheng and Finnie [4] measured axisymmetric axialolytion and 4th order Legendre series expansion inverse
residual stresses in a multi-pass circumferentially weldggere ysed to gety(r).

cylinder. The specimen tested was two cylinders of 304  j5erms [28] measured residual hoop stresses in a steel
stainless steel butt welded together using 22 weld passg§iroad car wheel. The wheel geometry varied in the out-
The cylinders were 16.5 mm thick with a mean diameter %ff_p|ane ¢) direction, unlike most of the situations
307 mm. At each of four locations around the cylindegonsidered in this article. An axial saw cut was made
circumference, three strain gauges oriented to measyggiially inward from the outer surface of the wheel about
hoop strain were placed 57 mm to 70 mm axially awaya|f way to the center. COD was measured at the outer
from the weld centerline. These distances were chosen §fface and along the full length of the cut at each
as to locate the gauges in the region where the straidrement. These measurements were used to generate a
measurements were expected to vary minimally witgisplacement map on the entire surface of the cut. These
distance from the weld. A circumferential cut was madgjsplacements were applied to a finite element mesh of the
from the inner wall along the weld centerline using @jlroad wheel, to model forcing it back to its undeformed
0.8 mm thick milling cutter. The stresses were calculateégometry_ Joerms considered the resulting stress

using the average strain readings of the three gauges at eggftibution to be a possible, though not necessarily unique,
location, fit with a sixth order polynomial. K, forward  gq|ytion for the original residual stresses.

solution and a series expansion inverse were used to solve Cheng and Finnie [9] measured residual hoop stress
for the stresses. The expansion used a fourth ordgfough the thickness of a quenched, thick-walled cylinder.
Legendre series, excluding the Oth order term to ensuke 2 5 c¢m thick, 8.45 cm outer diameter 4335V steel
force equilibrium. The results obtained at the fo“(:ylinder was quenched in water from a temperature of
circumferential locations agreed fairly well and agreegqggoe K. The Legendre polynomial series inverse set the
qualitatively with other available data. Oth order term to zero to ensure equilibrium. A fifth order
Ritchie and Leggatt [44] measured residual axialeries was found to sufficiently represent the stress field.
stresses in a section cut from butt-welded cylinders. Twhe results were compared with a FEM calculation and x-
25.4 mm thick steel cylinders with 761 mm outer diameterr%y surface measurements, and agreed very well with both.
were butt-welded together using submerged arc welding.” per| and Aroné [37] measured autofrettage levels (see
To avoid having to circumferentially slot such a large 1 ) in a thick-walled cylinder. The cylinder was a steel
cylinder, strips including the weld sections were remove@un barrel, with inner radius 52.5 mm and outer radius
for subsequent slotting. Twenty strain gauges were placgg3 o mm. Seven cuts, equally spaced along the
on each section before removal to allow calculation Qfiicumference, were extended from the inner surface to the
stress changes from removing the section. A slot Wagiter surface using a band saw. Gauges measured hoop
introduced in 1.66 mm increments using a 2.4 mm Widgain on the inner surface between cuts. They were able to
milling cutter through the weld. The back face and an edgg@culate the autofrettage level from the measured strain.
were outfitted with 5 strain gauges each to measure gchindler et al. [45,46] measured residual hoop stress
released strains. A FEM solution including the finite Wid”ﬁhrough the thickness of a large solid cylinder. The
of the slot was the forward solution. The inverse S°|Uti06uenched and tempered tool steel cylinder was 140 mm in
was incremental stress combined with a least squares fit {ghmeter, and stresses were measured in a disk 6.4 mm
the multiple strain readings. wide that was cut from the center of a long piece. Cuts
were made radially inward using wire EDM. In Schindler et
al. [45] theK, forward solution interpolated between exact
solutions for very shallow and very deep cuts. The



Legendre polynomial series expansion inverse set the figt the measurements. This section briefly discusses the
two terms to zero to ensure equilibrium. The solution waglevant issues for each.

found to converge for a 4th order series. The results Saws are commonly used to make the cuts. Here, saws
compared favorably with results from other craclare taken to mean a saw with a straight edge, as compared
compliance measurements made after drilling a hole in the circular-shaped saws. Such saws include band saws, jig
disk. In Schindler [46] the same data was used with saws, and hand saws. Saws as thin asb(52] have
different K, weight function solution. The results from anbeen used. When a slot is cut into a compressive stress
incremental stress inverse agreed well with the previotigld, the slot may close up and pinch the saw. Kang and
results. Seol [30] had a slot close on itself when trying to cut

Kang and Seol [30] measured residual hoop stredwough the thickness of a ring, but only when the
through the thickness of a water-quenched steel ring. Themaining ligament was very small. Kang et al. [29] used a
medium carbon steel ring was 4 mm thick and had an ousaw with a tapered profile, narrower at the back, to prevent
diameter of 62 mm and an inner diameter of 42 mi. pinching the saw. They also sharpened the slot tip to better
saw made a cut from the outer surface radially through th@proximate a crack (see 3.3 for a discussion of slot shape)
thickness of the ring. Just before completion of the finalsing a second saw.
cut, the slot faces closed at the outer surface. Gauges Milling cutters also are used to machine slots. A
located 90 degrees circumferentially on both sides of tmailling cutter uses a circular, rotating saw blade to cut the
cut measured the hoop strains on the outer surface. Tiet. Using the table adjustments on the mill can make
average of these two gauges was smoothed usingal@gnment of the cut in subsequent passes and the cut depth
polynomial technique and then used in data reduction. Theore precise than for saws. Cutters as thin asp@3(2]
incremental stress inverse used 2.4 mm steps, three timaesl as thick as 2.4 mm [44] have been used. Thin cutters
the cut increment. The results compared favorably witimay break during cutting, and restarting the cut after a
results from a sectioning method. break is often impossible [2,4].

Fett and Thun [21] measured residual hoop stress in a Mechanically machining the slot, using a saw or
solid PVC cylinder. Several disks 5 to 10 mm thick werenilling cutter, is likely to introduce residual stresses.
cut from a 100 mm diameter PVC cylinder. In some of th8everal investigators have measured the stresses induced by
specimens, a saw introduced a 0.5 mm wide edge cut alangting on a stress-free specimen and found that the
a diameter starting from the outer radius. An opticahachining induced only small errors in measured residual
method gave crack opening displacements near the outnesses, for the proper cutting parameters [19,20,44].
surface. In other specimens an internal cut was extenddldchining the slot can also cause local temperature
symmetrically from the center of the disk, and the cradkcreases. Fett [19,20], after making a saw cut, had to wait
opening was measured at the center. Power ser&3to 30 minutes to take strain readings in order to let the
expansion inverses enforced symmetry about the diskmperature equilibrate in plastic specimens.
center for the internal crack tests only. Results from the two Wire EDM has become the method of choice for
types of tests agreed well. The edge crack tests appearedtitiing the slot, see Table 1. Reid [42] was the first to use
provide better results for near-surface stresses, and thiee EDM to make the slot for crack compliance
internally cracked tests worked better for deeper subsurfaceasurements, although its advantages for residual stress
stresses. measurement have been recognized for some time [e.g.,

Cheng and Finnie [18] used crack complianc&8]. In wire EDM, the wire is electrically charged with
measurements to verify the results of a new “single sliceéspect to the workpiece. As the wire approaches the
technique they developed for axisymmetric plane-straiworkpiece, a spark jumps the gap and locally melts and
stresses. They water quenched a 5.0 cm diameter rodrefmoves material. The wire advances as material is
2024 aluminum. They measured residual hoop stress temoved. The cutting occurs in a dielectric fluid, usually
cutting a diametrical slot using wire EDM in both the plan€éeionized water, and the wire never actually contacts the
strain rod and a plane stress disk cut from the rod. Therkpiece.

Legendre series inverse used only the even terms because There are two main advantages to using EDM instead
of the symmetry. The plane stress and plane strain hoopconventional machining. First, a much finer slot may be
stress results allowed them to analytically calculate theut. Cheng et al. [16] made the smallest known slots for

original plane strain axial residual stresses [56]. crack compliance measurements, using gu2b diameter
wire for two near-surface tests on a titanium alloy to make
4.3 Cutting Methods slots approximately 32 and 4@n wide? A 50 um diameter

Several different techniques have been used o more commonly used for near-surface measurements
introduce the slots for the crack compliance method. Sorke>»16,24]. For deeper or through-thickness measurements,

are easier to implement than others, and some have effdgggarchers use wires from 10t [12,39] to as large as
250 um diameter [22,39,42,47,50]. Second, EDM can cut

much more gently than conventional machining and,

! These dimensions are given as radii, not diameters, in the paper, btit
they must be diameters to be consistent with other dimensions in the paper.  * Private communication, Weili Cheng, Februagg?.



therefore, not introduce significant stresses. In fact, EDBL1 Destructiveness
quite easily cuts hard materials that can be very difficult to  The only method considered here that can

machine conventionally, such as martensitic steels. A”Oth%ndestructively measure residual stress variation with
possible advantage of wire EDM is that one could make thpth is neutron diffraction, but it has resolution and size
cut continuously rather than incrementally. Schindler anghitations. Neutron diffraction can measure to depths of
co-workers[47,48,50,51] have done so, and they discuss gns of millimeters but can only resolve stresses in regions
briefly [S0]. It should also be noted that wire EDM carypproximately 1 me or larger. Additionally, because of
only be used on electrically conductive materialpenetration limitations, neutron diffraction generally cannot
Additionally, it may be difficult to cut an EDM slot with a pe applied to parts larger than about 50 mm thick.
fine wire when the material has non-conducting phases Qbwever, crack compliance had been applied to parts as
inclusions [39]. thick as 166 mm [14].

Although wire EDM generally introduces less stress  The other methods are destructive to different degrees.
than conventional machining, it can still aﬁcec'[X-_ray diffraction can measure only very near-surface
measurements for very near-surface stresses when the stggisses nondestructively. Depth profiling requires etching
gauge is very near the slot. Cheng et al. [15] thoroughlyyay |ayers at the spot to be measured. Hole drilling and
investigated the use of wire EDM for near-surface residugfack compliance are considered semi-destructive methods.
stress measurement. They mentioned that cutting conditiorﬁ;ey both require local material removal, with crack
and material properties have a large effect on the possibilgympliance generally more destructive. Layer removal is a
of introducing residual stresses during cutting. In genergestructive method in which layers are removed from the

larger thermal expansion and lower thermal conductivit¥ntire surface of a part. A complete residual stress profile
will increase the stresses introduced. Also, cutting IBy removing layers will destroy the part.

“roughing” mode introduces more stress than cutting in
“finishing” mode. Finishing mode refers to cuttingg o Sensitivity
parameters designed to provide an improved surface finish

in n itional fter an initial in r hin ) .
using an additional cut after a tial cut oug Eiﬂ‘é" residual stress levels. The mechanical methods

mode. These parameters can usually be obtained from . . .
. measure strain caused by releasing residual stress, and the
EDM machine manufacturer. Cheng et al. developed an .
measured strains can be small for low stresses. Layer

experimentally verified a technique to correct for th(? moval generally has the lowest sensitivity. but this
stresses introduced by wire EDM cutting during residudf 9 y Y,

stress measurements. They performed tests on a 4].SitiVity c'iepends grea"Y. on the -part thickne;s. Hole

stainless-steel beam in both roughing and finishing mo g ling has mcreaseql sensitivity, and crack compllangel has

Corrections were successful in both cases and minimal o} greater sens@w@y. Cheng et al. .[8] explicitly
o compared the sensitivity of crack compliance to hole

the finishing mode test. In general, one should use the wige, . : S

EDM machine settings for finishing cuts for Craderllllng and showed compliance to be significantly more

compliance measurements whenever possible sensitive. One possible drawback of sensitivity is that it

generally also corresponds to a greater propensity to
yielding at high stress levels, which leads to errors.

5 COMPARISONS WITH OTHER The diffraction methods also have difficulties
METHODS measuring low stresses but for a different reason. They

. . L measure crystal lattice spacing. Because this spacing is
This section qualitatively compares the crack . ; . ;
. . only slightly changed by residual stress levels, diffraction

compliance method to the most common residual stress . .
: : . . methods can measure the spacing corresponding to low
measurement techniques: x-ray diffraction, neutron

di . . stresses as easily as high stresses. For example, 1 angstrom
iffraction, hole drilling, and layer removal. For theiS bout as easy t 11 H h
o ; i c]a y to measure as 1.1 angstrom. However, the
purposes of this discussion, x-ray and neutron are grOlJpL(i:‘ncertainty in these measurements is approximately
as diffraction methods, and crack compliance, layer
. ; anstant at +5Qe to +100ue (see 5.4). So, for low
removal, and hole driliing are grouped as mechan|c;r;1 sidual stress (strain) levels, the uncertainty is
methods. These methods are compared with regard r0O ortionally hiaher '
destructiveness, sensitivity, depth profiling, accuraC)R P y higher.
measuring time, and stress components measured. Lu e%aé. Deoth Profilin
[62] contains a more detailed comparison betweer .p 9 _
measurement techniques, but the crack compliance method Figure 6 shows the approximate depth ranges over

is not included. which the various methods are able to resolve residual
These comparisons reveal that there is no single b&&iess variations. The depth range shown for x-rays is for
method for measuring residual stress. The selection off@n-destructive measurements. Profiles up to 1 mm depth

method should consider the particular application and ti@e commonly made with x-rays by electrochemically
strengths and weaknesses of all methods. etching away material. The figure illustrates the need to

consider two important factors when choosing a residual
stress measurement method for a particular application: (1)
the depth of residual stresses that was generated in

Sensitivity refers to the level of data measurement for



manufacturing the part of interest, and (2) the depth to The mechanical methods are susceptible to errors
which residual stresses will contribute to the potentidfom several sources. Stresses induced during the material

failure mechanism. removal process will decrease the accuracy of the
Section 3.2.1 discusses spatial resolution for crackeasurements. Also, if the stresses removed are
compliance in greater detalil. excessively large, yielding can occur which increases errors

because the calculations assume elasticity. There is another

0.001 0o eph(mm) 100 100 source of error for the hole drilling method. Because the
xerays | neutron analysis assumes a hole located in 'the center of the strain
Non- magnetic | rosette, hole misalignment results in increased errors..
g|destructive ) > ultrasonid All of the methods, diffraction and mechanical,
E) - require elastic constants to calculate residual stress. Errors
E «|hole drilling or uncertainties in the values of the elastic constants
gdcsst;rg{ivc fing core ‘ > producg proportionally equivalept errors or uncertainties in
§ < crackl compliance the residual stresses. Calculation of residual stresses from
z X-ray or neutron measurements of single diffraction peaks
= , layer removal requires plane-specific elastic constants, which are more
Destructive sectioning | difficult to find than bulk constants and may be less
precise. Often, when plane-specific constants are not
Sirosseg |« tin filmsl, ' avail.able, calculations are based .only on an approximate
produced [« machining, peening |, relation to the bulk constants, which is another source of
by < welding, case hardening > error.
common cladding, heat|treating, quenching
Processes |q forming, casting, ¢xtruding >
5.5 Time Required for Measurements
Depty ok imtiation_, |- The time to perform diffraction measurements
ranges « f”gi(m‘le . depends on factors such as the material belpg exgmlned and
contribute = “;ti‘;rtg prom . the sampling volume. Generally, neutron diffraction takes
to failure i buckling, creep . longer than x-ray, but x-ray requires extra time to etch
40B-5  4.0E-4 0.004 0.04 0.4 4.0 away layers between measurements. Generating a profile
depth (inches) typically takes one to several days for x-rays and several
Figure 6. Depth ranges of measurement techniques days or more for neutrons.
compared with typically observed profiles and failure Experimental time for the mechanical methods is
mechanisms. Similar to figure in Leggatt et al. [61]. generally less than for diffraction methods. Layer removal
takes the longest because it requires the most material
5.4 Accuracy removal. Crack compliance measurements can usually be

A wide variety of factors influence the accuracy of alfaken in just a few hours. It should be noted that, prior to
measurement methods. No single method can be considemgasurements, the mechanical methods typically require
the most accurate. Typically quoted values for théme to install strain gauges and for any protective coatings
uncertainty of diffraction methods range from +&0to to dry.
+100pe, depending on the conditions. Similarly quoted ~ For all of the methods, the total time to produce
values for mechanical methods are + 10 MPa to + 30 MP®sults depends on the complexity of the data reduction
depending on the particular method and the conditions. Aéchnique, with the most complex methods taking several
the elastic constants typical of engineering materials, thedays or longer.
uncertainties are of similar magnitude. However, there are
many situations that can determine where within thes$e6 Stress Components and Stress Versus Strain
ranges, or even outside them, the results from a particular To facilitate a discussion of the measured stress
test could end up. components, a review of the stress-strain relations is

The x-ray and neutron diffraction methods are basgstesented. In general, one needs to know all of the normal
on properties of the crystalline microstructure. Thetress components to determine any of the normal strain
presence of multiple phases and texture (preferreggmponents, and vice versa. For example:
orientation) can reduce accuracy in stress measurements. 1
Because it measures a surface spot with little depth €y :E[Uy_"(ax“’z)]’ (10)

penetration, the x-ray method can give unexpected resyffg, similar equations for the andz strainsE is the elastic
because of the presence of a local surface effect, suchy@sy,lus, and is Poisson’s ratio. This set of equations can
oxidation. Large grains can also increase errors using Xa solved for stresses in terms of strains to give

rays because the spot examined may contain too few grains

E
to provide a sufficient statistical sample. The mechanical o, :ml_—z/)[(l—V)Sy +v(e, +£z)] (11)

methods function virtually independently of microstructure. o A
and similar equations for theandz stresses.



The distinction between determining residual stressesatrix. Type Il stresses vary over several atomic distances
or determining residual strains can be an important onsithin the grain and are equilibrated over a small part of
Since none of the methods determine all three stresstbe grain. Mechanical methods are generally only affected
strain components in a single measurement, it is not alwayg type | stresses. Diffraction methods are generally
possible to convert strain measurements to stress or vaféected by the sum of type | and Il stresses, although
versa. For using results to predict or evaluate failures, sucbutron measurements are taken over a sufficiently large
as fatigue, fracture, or distortion, one or more stres®lume to minimize the effects of type Il stresses. The
components generally must be known. For comparison withfluence of type Il stresses in a measurement can obscure
predictive models, either stress or strain is usualihe value of the type | stresses and hinder comparison with
acceptable. continuum scale predictions, such as finite element models.

The diffraction methods determine residual strain€On the other hand, comparisons with polycrystal models
Neutron diffraction measurements from a spallation sour@ee more appropriate with measurements of both type | and
(also known as time-of-flight or polychromatic) canll stresses.
measure two strain components in a single measurement, Accessibility is an important factor when choosing a
and neutron measurements using a reactor (monochromati®thod for measuring residual stress. Neutron sources are
will measure a single component. Multiple measurementgly available at a handful of institutions worldwide.
may be able determine the whole strain tensor, but thisHewever, many neutron facilities allow researchers to
not always done. Measurements of just two straiperform measurements at no cost. X-ray sources are much
components can only determine stress components if omere common, although many are not ideally configured
makes some assumption about the state of stress, suclioasesidual stress measurements. Purchasing the equipment
plane stress or plane strain. X-ray diffraction measureswauld cost on the order of $100,000. Several private
difference between one of the in-plane strain componerdsmpanies will perform x-ray residual stress measurements
and the out-of-plane component, for example & for for a fee. Hole drilling can be performed with standard
measurements on the top face in Figure 1. Combined wiglquipment at a machine shop, but specialized equipment to
the free surface conditiongy =0, this is sufficient to improve accuracy costs on the order of $10,000. Again,
determineoy, from the elasticity relations of Eq. 10 or Eq.some private firms will perform hole-drilling measurements
11. A second measurement can give the other in-plaf@ a fee. Crack compliance can be performed using
stressgy. equipment at a standard machine shop. Wire EDM

The mechanical methods, although measuring a strammachines, which cost on the order of $100,000, are
or displacement during the test, determine residual stresssandard equipment in many shops and can be used by
It is not possible to determine strain components from aying an hourly fee. Layer removal measurements can be
subset of the stress components without makingerformed with standard machine shop equipment, or with
assumptions. However, strain measurements are rarelymore specialized for electrochemical layer removal.
desired over stresses. Hole drilling and layer remova&nother possible issue is taking portable measurements,
methods determine both stress components in the planewdfich can be made with specialized hole-drilling or x-ray
the partyy andz components in Figure 1. Crack complianceequipment.
measures the stress component normal to the sloty the

component in Figure 1. In many situations, only one Stre%sCONCLUDING REMARKS
component is of interest because only one affects the

failure mechanism of concern. The crack compliance method adds unique new
Section 2.4 has a detailed discussion of measuricgpabilities to the current suite of residual stress
shear strains using crack compliance or hole drilling. measurement techniques. Compared to other destructive
methods, crack compliance offers increased spatial

5.7 Miscellaneous resolution of residual stresses and increased sensitivity to

When cutting a slot into a high tensile residual stred@W Strésses. As seen in Figure 6, the sub-millimeter spatial
field with crack compliance, a crack can possibly seffésolution provided by crack compliance cannot currently
propagate. Although uncommon, this has been report@@ matched by the most ~common nond.estructlve
[22]. Of course, a substantial amount of propagation woulgchniques—x-ray and neutron diffraction. To achieve these

result in the end of the test and the destruction of t§iiNS, crack compliance sacrifices the ability of other
specimen. techniques, such as the hole-drilling method, to measure all

Residual stresses can be divided into three typégf,the in-plane stresses. Other crack compliance advantages
depending on the length scales over which they act [627|]1,clude a simple analytical technique to determine the
and the measurement methods are not all influenced by §EESS intensity factor caused by a crack in a residual stress
same types. Type | stresses, or continuum or macrostres&§dd and the ability to measure crack clpsure' stresses.
vary over distances of at least several grains, and usudﬁyrthermore, crack gomphancg can be app!led fairly easily
more. Type Il stresses, or microstresses, vary on the lenjfh commonly available equipment: strain gauges and
scale of grains. They occur commonly as variation@lectric discharge or conventional machining.
between different phases or between inclusions and the
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